Arabidopsis bZIP11 is a transcription factor that modulates amino acid metabolism under high-sucrose conditions. Expression of bZIP11 is downregulated in a sucrose-dependent manner during translation. Previous in vivo studies have identified the second upstream open reading frame (uORF2) as an essential regulatory element for the sucrose-dependent translational repression of bZIP11. However, it remains unclear how uORF2 represses bZIP11 expression under high-sucrose conditions. Through biochemical experiments using cell-free translation systems, we report on sucrose-mediated ribosome stalling at the stop codon of uORF2. The C-terminal 10 amino acids (29-SFSVxFLxxLYYV-41) of uORF2 are important for ribosome stalling. Our results demonstrate that uORF2 encodes a regulatory nascent peptide that functions to sense intracellular sucrose abundance. This is the first biochemical identification of the intracellular sucrose sensor.
Translation of mRNA can be regulated at multiple steps: initiation, elongation, and termination. In addition, translation can be regulated via regulatory elements in the 5 0 -and 3 0 -untranslated regions (UTRs) of mRNA. Upstream open reading frames (uORFs) are identified in the 5 0 -UTR of 30-40% of eukaryotic mRNAs [1] [2] [3] [4] . In general, uORF downregulates expression of the main ORF, because ribosomes usually dissociate upon translation termination of the uORF. Leaky scanning enables the ribosome to skip recognizing the AUG codon of the uORF and to reach the main ORF. When the uORF is translated, reinitiation is required for the ribosome to continue scanning for another AUG codon (including that of the main ORF) after the translation termination of the uORF. If a ribosome stalls in a uORF, translation of the downstream ORF is strongly downregulated.
Regulation of gene expression by uORFs is involved in many biological processes such as development, metabolism, and viral propagation [5, 6 ]. An increasing number of uORF peptides have been identified to be regulatory nascent peptides that trigger ribosome Abbreviations AAP, arginine attenuator peptide; ACE, Arabidopsis cell-free extract; AdoMet, S-adenosyl-L-methionine; bZIP11, basic leucine zipper 11; HA, hemagglutinin; PTC, peptidyltransferase center; UDP-D-glucose, uridine 5 0 -diphospho-D-glucose; uORF, upstream open reading frame; UTR, untranslated region; WGE, wheat germ extract; WT, wild-type.
stalling [7] [8] [9] [10] . The nascent peptide is synthesized at the peptidyltransferase center (PTC) in the ribosomal large subunit, and travels through the ribosomal exit tunnel before emerging from the ribosome. Approximately 30-40 amino acid residues of the nascent peptide are kept in the ribosomal exit tunnel [11] [12] [13] . Consistent with this, the lengths of regulatory nascent peptide are~20 amino acids long in many cases, so that the nascent peptide exerts its function within the ribosomal exit tunnel. One well-studied uORF peptide that acts as a regulatory nascent peptide is the UL4 uORF2 of the human cytomegalovirus [14] . After synthesis of a 22-amino acid stretch of the UL4 uORF2 peptide, the ribosome stalls at the termination step and downregulates the translation of UL4. In this case, ribosome stalling occurs autonomously. However, a number of uORF nascent peptide-mediated ribosome stallings do not exhibit constitutive stalling; instead, an effector is needed for the ribosomes to stall at a specific amino acid sequence.
To date, only amino acids or related metabolites, including polyamines, have been identified as the effectors of ribosome stalling in eukaryotes. These effectormediated ribosome stalling systems are used for the feedback regulation of respective metabolic pathways. For example, arginine attenuator peptide (AAP), encoded by a uORF of the Neurospora crassa arg-2 gene, requires arginine to induce ribosome stalling at the termination step of the uORF encoding AAP [7] . Expression of the gene encoding S-adenosyl-L-methionine (AdoMet) decarboxylase is regulated by uORFmediated ribosome stalling in response to polyamines in both mammals and plants [8, 9] . Apart from uORF, AdoMet causes nascent peptide-mediated ribosome stalling in the main ORF of the Arabidopsis thaliana CGS1 mRNA that codes for cystathionine c-synthase, which catalyzes the first committed step of methionine biosynthesis in plants. After translation of a 14-amino acid stretch of the MTO1 region, encoded by CGS1 itself, ribosome stalling is induced by AdoMet, a direct metabolite of methionine [15] [16] [17] .
Sucrose is the major product of photosynthesis and is the transport form of sugar in the plant kingdom [18] . Sucrose is involved in many processes in higher plants including development, growth, stress response, and metabolism [18] [19] [20] . However, the intracellular sucrose sensor is yet to be unveiled [18] , although sucrose transporters STU2 and SUC1 have been suggested to act as a sucrose sensor to regulate sucrose flux across the plasma membrane [21, 22] . The Arabidopsis basic leucine zipper 11 (bZIP11) is a transcription factor that reprograms amino acid metabolism in response to sucrose and light [23] . Expression of bZIP11 is repressed at the level of translation under high-sucrose conditions [24] . This translational repression requires the second uORF of bZIP11 mRNA [25] . Of the 42 amino acid residues of uORF2, the C-terminal half is highly conserved among the plant homologs of bZIP11 [25] . A frame-shift mutation and several amino acid substitutions have been shown to abolish sucrose-induced translation repression in vivo [26] . Based on these findings, a model has been proposed, whereby sucrose causes ribosome stalling during translation of the uORF2 [26] . However, the contribution of sucrose to ribosome stalling is not clear because applied sucrose can be metabolized in vivo.
In the present study, we exploited the cell-free translation systems of wheat germ extract (WGE) and Arabidopsis cell-free extract (ACE) [27] to elucidate how sucrose affects translation of bZIP11 uORF2. We demonstrated that sucrose causes ribosome stalling at the termination step of uORF2. Among the conserved amino acid residues of uORF2, C-terminal amino acids, 29-SFSVxFLxxLYYV-41, were shown to be critical for the sucrose-induced ribosome stalling. Our findings indicate that the nascent peptide of uORF2 functions as a molecular sensor of sucrose by causing ribosome stalling. 
Materials and methods

Plasmid construction
In vitro transcription
Template DNA fragments for in vitro transcription reaction were generated by PCR using oligo-YY101 (5 0 -CTGA GAGTGCACCATATGGGTA-3 0 ) as a forward primer. The reverse primers used were, except in the cases listed in Table S2 , oligo-YY100 (5 0 -GTGCGACGTTGTCACAC TTT-3 0 ) for alanine substitutions and oligo-YY128 (5 0 -TGA GACATAGTAAAGCCAGTAAAGG-3 0 ) for Ser-42-truncations. The amplified fragments were used for in vitro transcription as described [28] .
Cell-free translation and immunoblot analysis
Cell-free translation reactions using WGE and ACE were carried out at 25°C as described [27, 29] . RNase A treatment and puromycin reaction
After 30 min of translation reaction, RNase A was added to a final concentration of 0.5 lgÁlL À1 , followed by incubation for 15 min at 37°C. The puromycin reaction was performed after in vitro translation reaction. After 30 min of translation, puromycin was added at a final concentration of 2 mM. Further incubation at 25°C for the time periods indicated in each experiment was followed by aliquoting for SDS/PAGE. The unreacted peptidyl-tRNA band was quantitated, and puromycin reactivity was assessed by dividing the band intensity at a given time point by the intensity at time 0.
Results and discussion
Sucrose induces ribosome stalling during translation of the uORF2 in cell-free translation systems
To examine whether sucrose triggers ribosome stalling in bZIP11 uORF2, His:HA:DP75:uORF2(WT) RNA was constructed and used to program cell-free translation in WGE. In this RNA, His 6 -and hemagglutinin (HA)-tags, and a DP75 linker was fused before the uORF2 sequence (Fig. 1A) . The DP75 linker [28] was used to facilitate detection of the small translation products of uORF2. The molecular weight of the fulllength translation product of His:HA:DP75:uORF2 (WT) RNA is 15.8 kDa (132 amino acids). After cellfree translation, the products were separated by SDS/ PAGE, followed by immunoblot analysis using anti-HA antibody. His:HA:DP75:uORF2(WT) RNA was translated in the presence of various concentrations of sucrose ( (Fig. S1 ). In addition, the apparent molecular size difference on SDS/PAGE (~20 kDa) matches that for peptidyl-tRNA [16] . As the concentration of sucrose in the translation reaction mixture increases, accumulation of the full-length free peptide decreased, while that of the upper peptidyl-tRNA increased and this band became prominent with 300 and 540 mM sucrose applications (Fig. 1B , lanes 5, 6, filled circle).
Previous report has shown that some of the amino acid substitutions in uORF2 abolish the sucrosedependent repression of the main ORF expression in vivo [26] . Among these, Ser-31 to alanine substitution (S31A; Fig. 1A ) exhibited the most prominent difference [26] . When His:HA:DP75:uORF2(S31A) RNA was translated, the upper peptidyl-tRNA band was not observed, while appearance of the lower band was the same as in the His:HA:DP75:uORF2(WT) RNA translation (Fig. 1B, lanes 7 -12, open circle). Thus, we observed sucrose-dependent upper peptidyl-tRNA (filled circle) and sucrose-independent lower peptidyltRNA (open circle) in WGE. Accumulation of the lower peptidyl-tRNA apparently decreases as the concentration of sucrose in the translation cocktail increases. However, this change parallels the decreases in the full-length free peptide, suggesting that this change is due to the general decrease in translation activity by sucrose application in WGE.
In order to obtain an insight into the nature of these peptidyl-tRNAs, the translation reaction was followed by puromycin treatment. Puromycin is an aminoacyltRNA analog that enters the PTC and functions as an A-site accepter substrate of the peptidyl transfer reaction, resulting in the release of the nascent peptide as peptidyl puromycin without an involvement of a release factor [30, 31] . Hence, the puromycin reactivity is used to evaluate the PTC activity in a number of ribosome stalling systems [32] [33] [34] [35] [36] [37] [38] [39] [40] . After translation of His:HA: DP75:uORF2(WT) RNA, puromycin was applied and incubated for 1 min. The results evidenced that the upper peptidyl-tRNA band persisted in the higher sucrose conditions, whereas the lower band was diminished by puromycin treatment (Fig. 1C , lanes 1-6), indicating that the upper peptidyl-tRNA band was produced by sucrose-dependent repression of PTC activity. When His:HA:DP75:uORF2(S31A) RNA was translated and subjected to puromycin reaction, the peptidyl-tRNA band was diminished within 1 min (Fig. 1C,  lanes 7-12) , as with the lower peptidyl-tRNA band in WT. These results indicate that sucrose induces repression of PTC activity that leads to ribosome stalling during translation of uORF2, and that the lower peptidyltRNA is different from the sucrose-induced ribosome stalling event, although its origin is unknown. Notably, puromycin reaction evidently distinguishes sucroseinduced ribosome stalling signal (i.e., the upper peptidyl-tRNA band) from the lower one.
Translation of the uORF2 was also tested in ACE, an Arabidopsis cell-free extract [27], because we used the uORF2 sequence of Arabidopsis bZIP11. When His:HA:DP75:uORF2(WT) RNA was translated in ACE, peptidyl-tRNA accumulated at higher sucrose concentrations, whereas no peptidyl-tRNA accumulated if the RNA carried the S31A mutation (Fig. 1D) . Since the efficiency of ribosome stalling, as evidenced by the appearance of the upper peptidyl-tRNA band, was almost the same as in WGE, we used WGE for the subsequent experiments. Interestingly, the lower peptidyl-tRNA band was not evidently observed in ACE. Therefore, we may consider the lower peptidyltRNA band as a background signal in WGE.
Sucrose induces ribosome stalling at the stop codon of uORF2
To determine the position of sucrose-induced ribosome stalling, we conducted 'stop codon-scanning' experiments on His:HA:DP75:uORF2 RNA. If the stop codon is introduced before the stalling position, translation will be terminated according to the canonical termination procedure, without sucrose-induced ribosome stalling [16] . The original UGA stop codon of the uORF2 is located at the 43rd codon. Therefore, the 38th-42nd codons were substituted individually with the UGA stop codon (Fig. 2A) . The UGA stop codon was also introduced at the Ser-31 codon, whose substitution to alanine abolished ribosome stalling (Fig. 1) . In all of the stop codon positions tested, with the exception of the original 43rd position, sucrose application did not cause any shift in the peptidyltRNA band pattern compared with those without sucrose (Fig. 2B, lanes 3-14) . A greater quantity of peptidyl-tRNA accumulated at an upper position in the presence of sucrose in only one case: the original stop codon position (Fig. 2B , lane 2, filled circle), as observed in Fig. 1B . Translation in the presence of sucrose was then followed by puromycin treatment. Again, with the exception of the original stop codon position (Fig. 2C, lane  8) , peptidyl-tRNA disappeared rapidly as a result of puromycin treatment in all of the stop codon-scanning constructs (Fig. 2C, lanes 9-14) . This finding demonstrates that the peptidyl-tRNA bands observed in the stop codon-scanning constructs differs from that observed with WT in the presence of sucrose. Thus, we may conclude that sucrose-induced ribosome stalling occurs at the stop codon of the uORF2. Sucrose-stalled ribosome nascent chain complex exhibits low puromycin reactivity
To know the puromycin reactivity of the peptidyltRNAs in more detail, we compared the time course of puromycin reaction (Fig. 3) . After translation of His:HA:DP75:uORF2(WT) RNA in the presence of sucrose, puromycin was added to the reaction mixture, and time course samples were subjected to immunoblot analysis. The amount of unreacted peptidyl-tRNA was 70% at 20 s and~37% at 60 s of that at time 0 (Fig. 3B,E) .
As a positive control for the puromycin reaction, His:HA:DP75:uORF2(S42 0 ) RNA, which is truncated at the Ser-42 codon, was prepared (Fig. 3A) . When ribosome translates up to the last codon of the truncated RNA, the ribosome nascent chain complex remains in the post-translocation state and peptidyltRNA species accumulates. This peptidyl-tRNA can be rapidly released by puromycin, because no coding codon is accommodated in the A-site [32, 41] . When His:HA:DP75:uORF2(S42 0 ) RNA with or without an S31A mutation was translated, the unreacted peptidyltRNA amounts were reduced to < 40% at 20 s and < 20% at 60 s, regardless of sucrose application ( Fig. 3C-E ). These results demonstrate that sucrosestalled ribosome at the stop codon of the uORF2 exhibits low puromycin reactivity. The results of S31A mutant show that the presence of sucrose in the reaction mixture does not have an inhibitory effect on the general puromycin reaction.
Sucrose acts as the effector of ribosome stalling
In the previous transfection experiments, feeding sucrose was more efficient than feeding fructose or glucose in repressing the translation of the bZIP11 main ORF, and it was suggested that sucrose was a likely effector of this regulation [24] . However, as long as living cells are used, one can never exclude the possibility that other sucrose-related metabolite(s) is the effector of translation repression because of the active metabolism in vivo. Therefore, to address this, we evaluated the effect of sucrose-related metabolites in a cell-free system.
We tested D-fructose, D-glucose, and UDP-D-glucose, which are the direct metabolites of sucrose. D-fructose and D-glucose are produced by the hydrolysis of sucrose by invertase [42] (Fig. 4A) . D-fructose and UDP-D-glucose are produced by sucrose synthase [42] (Fig. 4A ). When these metabolites were added to the translation reaction, no difference was observed in the accumulation of peptidyl-tRNA between WT and S31A mutant (Fig. 4B-D) . The same was true for sucrose-6-phosphate (Fig. 4E) , which is the direct precursor of sucrose (Fig. 4A) . High concentrations of UDP-D-glucose and sucrose-6-phosphate caused the general repression of translation, but these effects were the same with WT and S31A mutant (Fig. 4D,E) . These evaluations unambiguously show that sucrose is the effector that induces ribosome stalling in the bZIP11 uORF2. 
C-terminal amino acids of uORF2 are important for ribosome stalling
Of the 42 amino acid residues of uORF2, the C-terminal half is highly conserved among the plant homologs [25] . To identify the important amino acid residues in the conserved region, we conducted an alanine-scanning analysis in which amino acids from Thr-24 to Ser-42 were individually substituted to alanine (Fig. 5A ).
To distinguish peptidyl-tRNA signals between the sucrose-induced ribosome stalling signal and the lower sucrose-independent signal, samples were treated with puromycin after the translation of His:HA: DP75:uORF2 RNAs carrying alanine substitutions. Consistent with the earlier report [25] , alanine substitution of Ser-42 (S42A) was tolerated because peptidyl-tRNA remained after puromycin treatment (Fig. 5B,C, lane 23, arrowhead) . Yet, the mobility of the peptidyl-tRNA was slightly faster than that of WT. When the ribosome stalls at the stop codon, the peptidyl-tRNA contains tRNA Ser in WT, whereas in the case of the S42A mutant, the last amino acid of the uORF is alanine, and therefore the peptidyl-tRNA is expected to contain tRNA Ala , which exhibits higher mobility than tRNA Ser on SDS/PAGE [9, 16] .
For the alanine substitutions between Ser-29 and Val-41, excluding Val-33, Tyr-36, and Trp-37, peptidyltRNA disappeared after 1-min puromycin treatment (Fig. 5B,C, lanes 8-11, 14, 15, 19-22 ). This suggests that these amino acids are important for sucroseinduced ribosome stalling. In contrast, alanine substitutions between Arg-21 and Gln-28 were tolerated because peptidyl-tRNA persisted following puromycin treatment (Fig. 5B,C, lanes 1-5, 7 ). These results demonstrate that the C-terminal 10 amino acids, 29- SFSVxFLxxLYYV-41, are critical for sucrose-induced ribosome stalling.
Three consecutive arginine residues in the uORF2 have a negative effect on sucrose-induced ribosome stalling in vitro
Three consecutive arginine residues from Arg-21 to Arg-23 (Fig. 5A , marked in blue) were substituted to alanine simultaneously (R[21-23]A mutation). When the R(21-23)A mutant was compared with WT, the amount of full-length free peptide was reduced and the peptidyl-tRNA was increased both before and after the puromycin treatment, suggesting that R(21-23)A mutation confers stronger ribosome stalling than WT (Fig. 5B,C, lane 1) . To know the difference in stalling efficiency between the R(21-23)A mutant and WT, we conducted a translation time course analysis. As compared with WT, less free peptide and more peptidyl-tRNA accumulated in the R(21-23)A mutant in the presence of sucrose (Fig. 6A, lanes 7-12) , but not in its absence (Fig. 6A, lanes 1-6) . Quantitation of the band intensities at 30-min translation in the presence of sucrose showed that the efficiency of stalling was~20% in WT and~55% in the R(21-23)A mutant (Fig. 6B) . These led us to conclude that the R(21-23)A mutation raised the stalling efficiency by approximately 2.5-fold.
To assess the PTC activity of the stalled ribosomes, the puromycin reaction time course was analyzed with the R (21-23)A mutant (Fig. 6C) . Upon translation of His: HA:DP75:uORF2(R [21] [22] [23] A),~62% of the peptidyltRNA remained 180 s after puromycin application (Fig. 6C,E) , at which time only~10% of the peptidyltRNA remained in WT (Figs 3B and 6E ). This indicates that the peptidyl-tRNA carrying the R(21-23)A mutation is more resistant to puromycin than WT, that is, PTC activity is more strongly inhibited in the mutant than WT. His:HA:DP75:uORF2(R [21] [22] [23] A, S42 0 ) RNA, which carries the R(21-23)A mutation and is truncated at the Ser-42 codon, was also used for the puromycin reaction time course experiment. In the absence of sucrose, puromycin reaction was fast with peptidyltRNA decreased to~20% at 60 s (Fig. 6D, lanes 1-4,  and F) . In contrast, in the presence of sucrose,~40% of the peptidyl-tRNA remained at 60 s (Fig. 6D , lanes 5-9, and F). This slow puromycin reaction in the truncated RNA indicates that PTC activity is inhibited in a sucrose-dependent manner when the ribosome translates up to the Ser-42 codon on the Ser-42-truncated RNA carrying the R(21-23)A mutation. However, if the Ser-42-truncated RNA carried the WT ORF2, addition of sucrose did not slow down the puromycin reaction (Fig. 3C,E) . This apparent discrepancy may be explained by the fact that the sucrose-stalled fraction was only~20% upon translation of the full-length uORF2 carrying WT sequence (Fig. 6B) , thereby the effect of sucrose was not evidently observable ( Fig. 3C , E). Our results indicate that the three consecutive arginine residues in uORF2 decreased the efficiency of sucrose-dependent ribosome stalling, and suggest that PTC activity is repressed when the ribosome translated up to the Ser-42 codon in the presence of high concentrations of sucrose. Stalling efficiency could also be modulated by altered sensitivity to the effector molecule. To test this, we analyzed the efficiency of ribosome stalling under different sucrose concentrations (Fig. 6G) . The results showed that the R(21-23)A mutant exhibited sucrose concentration dependency similar to WT (compare Fig. 6G with Fig. 1B,C) , suggesting that the mutation does not affect the sensitivity to sucrose.
In the previous in vivo study, R(21-23)A mutation did not exhibit any appreciable effect on the sucrosedependent repression of the main ORF expression [26] . Regarding the ribosome stalling activity in our cell-free translation system, we showed that R(21-23) residues have a definitive negative effect on ribosome stalling. When the ribosome stalls at the stop codon of the uORF2, R(21-23) residues of the nascent peptide arẽ 20 amino acids away from the PTC. Thus, it is less likely that R(21-23) directly interact with PTC to downregulate its activity. Rather, it is likely that R (21-23) interfere with the conformation of the nascent chain to form a stable or suitable one to induce ribosome stalling.
The importance of the interaction of regulatory nascent peptides with the ribosome exit tunnel wall has been reported [43] [44] [45] [46] . Most of the tunnel wall has negative electron potential because it is primarily composed of rRNA residues. Accordingly, a stretch of positively charged amino acids have been shown to cause ribosome stalling [47] . In contrast, in the case of bZIP11 uORF2, the R(21-23) residues have a negative effect on ribosome stalling. If it is granted that R(21-23) interacts with the rRNA constituting the tunnel wall, such an interaction might disturb the proper conformation of the nascent chain to induce ribosome stalling. It is interesting that an element that is not in the immediate vicinity of PTC affects ribosome stalling.
Conclusions
In this study, we exploited the cell-free translation systems of plants to biochemically evaluate the effects of sucrose during the translation of the bZIP11 uORF2. We identified that sucrose is the effector for ribosome stalling, and that the ribosome stalls at the termination codon of uORF2. Consistent with our findings, recent ribosome profiling analysis has suggested that ribosome stalls at or near the stop codon of the bZIP11 uORF2 [48, 49] , even though ribosome profiling was performed using Arabidopsis seedlings grown under normal sucrose condition.
We showed that C-terminal 10 amino acids, 29-SFSVxFLxxLYYV-41, were critical for ribosome stalling, while 21-RRR-23 residues exhibited negative effect on ribosome stalling in vitro. Since sucrose induces ribosome stalling at the stop codon soon after the translation of the critical residues of the uORF2, the peptide resides in the ribosomal exit tunnel when the ribosome is stalled. Thus, our findings show that the nascent uORF2 peptide functions as a sucrose sensor when it resides in the ribosomal exit tunnel. Among the biochemically verified effectors of eukaryotic ribosome stalling systems, this is the first result to show an involvement of nonamino acid-related metabolites on nascent peptide-mediated ribosome stalling. This is also the first report of a noncharged effector of eukaryotic ribosome stalling systems. 
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